Context. The Pipe nebula is a molecular cloud that lacks star formation feedback and has a relatively simple morphology and velocity structure. This makes it an ideal target to test cloud evolution through collisions. Aims. We aim at drawing a comprehensive picture of this relatively simple cloud to better understand the formation and evolution of molecular clouds on large scales. Methods. We use archival data to compare the optical polarization properties, the visual extinction, and the 13 CO velocities and linewidths of the entire cloud in order to identify trends among the observables. Results. The Pipe nebula can be roughly divided in two filaments with different orientations and gas velocity ranges: E-W at 2-4 km s −1 and N-S at 6-7 km s −1 . The two filaments overlap at the bowl, where the gas shows a velocity gradient spanning from 2 to 7 km s −1 . Compared to the rest of the Pipe nebula, the bowl gas appears to be denser and exhibits larger linewidths. In addition, the polarization data at the bowl shows lower angular dispersion and higher polarization degree. Cores in the bowl tend to cluster in space and tend to follow the 13 CO velocity gradient. In the stem, cores tend to cluster in regions with properties similar to those of the bowl. Conclusions. The velocity pattern points to a collision between the filaments in the bowl region. The magnetic field seems to be compressed and strengthened in the shocked region. The proportional increase of density and magnetic field strength by a factor similar to the Alfvénic Mach number suggests a continuous shock at low Alfvénic Mach number under flux-freezing. Shocked regions seem to enhance the formation and clustering of dense cores.
Introduction
The Pipe nebula is an ideal test site to study early cloud formation. From this massive, nearby, elongated cloud (10 4 M ; 145 pc away; 18 pc×3 pc in size) arises 12 CO 1-0 emission that shows two filamentary structures: one elongated along the N-S direction at a v LSR range of 6-7 km s −1 ; and the other one along the E-W direction at 2-4 km s −1 (Onishi et al. 1999) . The magnetic field is strikingly uniform along the N-S direction with optical polarization degrees up to an outstanding 15% value (Alves et al. 2008, hereafter AFG08; Alves et al. 2014) . Overall, the cloud seems to be magnetically dominated and turbulence seems to be sub-Alfvénic (Franco et al. 2010) . Besides the simple structure, the cloud is at a very early stage of evolution with little to none star-formation feedback. Only 14 young stars have been detected, mostly in the B59 region at the west end, delivering a very low ∼0.06% star formation efficiency (Forbrich et al. 2009 ). In addition, the cloud harbors more than 150 starless cores with very early chemistry that seem to be gravitationally unbound and pressure confined Rathborne et al. 2008; Román-Zúñiga et al. 2009 Frau et al. 2010 Frau et al. , 2012a .
Datasets and data process
The three datasets used in this work are published in different articles. We limit ourselves to provide the basic information and we refer the reader to the original publications.
The dust extinction maps were derived by Román-Zúñiga et al. (2009 through the NICER infrared color excess technique (Lombardi & Alves 2001) . The angular resolution is 20 and the typical rms is <1 mag.
The 13 CO 1-0 map was presented by Onishi et al. (1999) and has spectral and angular resolution of ∼0.1 km s −1 and 4 , respectively. The 13 CO emission is enclosed in the 5 mag contour of the A v map (Fig. 1) . Hence, 13 CO is a good tracer of the gas kinematics (Section 4.1). Onishi et al. 1999) . The N-S filament is evident in 12 CO emission (Onishi et al. 1999) . Contours: visual extinction map (Lombardi et al. 2006) . Levels are 5.5 and 20 mag. Segments: average polarization segment on each observed field (AFG08; Franco et al. 2010) . Length is proportional to P deg . Circles: positions of the embedded dense cores with extinction peaks > 10 mag (Román-Zúñiga et al. 2009 . Left-hand side panels: data averaged over the fields observed by AFG08. The optical linear polarization data were published by AFG08 and Franco et al. (2010) . They observed 46 fields of 12 ×12 in the R-band, covering most of the Pipe nebula. We used the ∼6,600 stars detected with P/σP ≥ 10.
Our data processing followed two steps. First, the 13 CO datacube was converted to spectra on a pixel-by-pixel basis. A semi-automatic algorithm detected the number of peaks in each spectrum and carried out a Gaussian fit to derive the peak velocity, v i , and the linewidth, FWHM i , of the different components. For each pixel, we also derived the first-order moment of the 13 CO emission (v m1 ). Second, we paired the position of each R-band star to its pixel in the A v and 13 CO map. Upon positional match, we composed a set of properties for each pixel: A v , v m1 , v i , FWHM i , and polarization angle (P ang ) and degree (P deg ). The effects of the different angular resolutions are discussed in Section 4.1.
Results and analysis
3.1. Dual large-scale velocity structure Figure 1 outlines the main velocity structures of the Pipe nebula derived from the 13 CO spectra. The cloud can be separated in two different filaments with narrow velocity ranges: one oriented E-W at <4 km s −1 and another one oriented N-S at >4 km s −1 (this filament is better seen in the 12 CO map: see Onishi et al. 1999 ). The spectra from the E-W filament typically have one velocity component, two in some cases. Instead, the spectra from the N-S filament show a richer velocity structure with up to four components. Both structures overlap along the line-of-sight (LOS) at the bowl (Fig. 1) . The velocities at the overlapping region cover the entire range between those of the two filaments. This transition is illustrated in Fig. 2 through two orthogonal projections of the position-position-velocity cube (see Hacar et al. 2013 ) that show distinct patterns (Section 4.2).
We define two regions: the non-shocked gas -group NSthat roughly includes B59 and the stem ( P deg < ∼ 5%) and the shocked gas -group S-that roughly coincides with the bowl ( P deg > ∼ 5%). These groups appear color-coded on Fig. 1 and also have distinct properties in polarimetry, density, and turbulence (Section 3.2).
Bimodal trends in velocity, polarization, and linewidth
The top left panel on Fig. 1 replicates Fig. 2 by Alves et al. (2008) . They report a systematic anti-correlation between ∆P ang and P deg . The color-coded NS and S groups appear clearly differentiated: S fields have high P deg and low ∆P ang , oppositely to NS fields. This differentiation goes beyond field averages and holds at a single pixel level (top right panels).
The central left panels on Fig. 1 show the distinct distribution of ∆P ang and P deg as a function of v m1 . The bottom right panels of Fig. 1 show similar plots but for all the pixels. These panels show that the clear polarization • (shock direction: projection on the plane of the sky of the velocity difference of the filaments). Top panels: vi and FWHMi as a function of position. The projection plane is at an angle of 34
• (perpendicular to the shock direction). Circles: dense cores as in Fig. 1 . Cartoon: proposed scenario. The antenna represents the observer. Blue and red cylinders represent the E-W and N-S filaments, respectively. The LOS velocities of the filaments are shown as arrows and the stem and bowl regions are labeled. The translucent plane shows the shock direction on the plane of the sky extended along the line-of-sight direction (blue line on bottom panel above). The velocities of the filaments along the shock are shown as arrows. Green arrows represent the tentative direction of the magnetic field (Section 4.3).
differences between group S and group NS are mostly independent of the velocity of the gas, thus suggesting different scenarios for the two regions. Group S gas at 4-5 km s shows the largest polarization degree.
The bottom left panel of Fig. 1 and top panel of Fig. 2 show that the gas in the bowl has a larger linewidth than in B59 and the stem. Strikingly, the star-forming B59 complex has a smaller linewidth than group S. This suggests that the Bowl gas is more disturbed than that of B59.
Discussion

Data suitability and spatial resolution
The polarization data trace material with A v < ∼ 15 mag that includes 99.1% of the A v maps pixels, and Franco et al. (2010) show that P deg and A v grow roughly proportionally. Hence, optical data are good tracers of the magnetic field of the cloud. The NICER A v maps are very accurate: a comparison to 1.2 mm emission maps of dense cores shows a perfect within-the-errors agreement for up to 45 mag (Frau 2012b) . The spatial resolution of the A v map is ∼0.015 pc. This is significantly smaller than the typical 0.1 pc diameter of dense cores, and thus, the map resolution is more than enough for the large scales.
13 CO is a good tracer of the dense gas (Fig. 1) . The 13 CO pixel size is ∼0.17 pc, comparable to a dense core. With a mean 13 CO linewidth of 0.6±0.3 km s −1 , the pixel crossing time is ∼0.28 Myr. The dense core formation timescale is 0.5-1 Myr (Bergin & Tafalla 2007) , and thus, it seems unlikely that any velocity substructure would form. Therefore, the 13 CO map should suffice to reflect all significant variations in the gas velocity.
Interaction of gas filaments and core formation
The two filaments overlap at the bowl and the gas velocities cover the entire range between the original velocities (Fig. 2) . This fact points to an interaction, possibly a collision, as reported toward denser and more massive IRDCs and the pre-shock Alfvén speed 1 is v A =0.78 km s −1 . The magnetosonic speed v m = c 2 s + v 2 A is 0.83 km s −1 , smaller than the velocity separation of the filaments. Therefore, an MHD wave is slower than the velocity difference between the filaments and a shock would indeed form. Hence, in the Pipe nebula it is possible to compare the evolution from non-shocked (stem) to shocked (bowl) gas.
The two orthogonal projections of the position-positionvelocity cube show that LOS velocities are anisotropic (Fig. 2) . On the one hand, the bottom panel shows highly ordered velocities likely to be the velocity gradient generated along the direction of the collision. On the other hand, the middle panel shows a large velocity dispersion likely to be the projection across the shock. This identified direction for the plausible shock is the projection on the plane of the sky of the velocity difference between the filaments. In addition, for the collision to happen, the N-S filament must be closer to us because it is going away faster than the E-W filament. The total shock velocity would be a combination of two components: (a) the line-of-sight velocity and (b) the plane-of-the-sky velocity whose direction is deduced from the projections of the position-position-velocity cube. Figure 2 shows a cartoon of the proposed scenario. Figure 1 shows that linewidths increase only at the bowl and for the velocities between the two filaments (roughly 4 to 6 km s −1 ). This points to a more turbulent region where the interaction takes place. The interaction would settle the gas at the observed intermediate velocities and result in sub-and trans-Alfvénic gas motions (Franco et al. 2010 ). The accumulation of material would cause the increase in density and would lead to the formation of the bowl. In fact, the average column density of 6.0±1.8 mag at the bowl is twice as high as the average 3.0±1.3 mag at the stem. This increase reflects an increase in volume density due to the plausible filament collision.
The bowl is the region with the largest column density and the most fertile in number of dense cores (Fig. 1) . B59, the other region rich in dense cores, is also proposed to be formed through an external shock that triggered star formation (Peretto et al. 2012) . Cores have velocities in good agreement with gas velocities. At the bowl, cores cover the entire velocity range between the filaments, follow the velocity gradient along the shock, and tend to cluster at the larger velocities (bottom panel in Fig. 2 ). This combined structure of cores and gas is the "molecular ring" reported by Muench et al. (2007) . There are other clusters of cores, one in B59 and two in the stem (middle panel in Fig. 2 ). The gas surrounding these clusters shows similar properties: a larger dispersion of velocities, and increases in linewidth, 13 CO brightness, and column density. These properties resemble those of the shocked bowl but with smaller values and at a smaller spatial scale. In general, it seems that in the slowed, shocked gas the higher density and sub-Alfvénic motions enhance the creation of cores.
Magnetic field compression and polarization increase
The high P deg values -close to the theoretical maximum (Whittet 2003) -suggest that the magnetic field direction is close to the plane of the sky AFG08. The higher P deg values are detected towards the bowl, where the two filaments interact. The shock can have reoriented the magnetic field placing it closer to the plane-of-the-sky (Fig. 2) . This scenario could explain the variation of P deg . Moreover, the peak of P deg is at a velocity of ∼4.5 km s −1 , the intermediate velocity between the filaments where the shock would have the strongest effects.
The material traced by the optical polarization is dominated by magnetic field over gravity and turbulence (Franco et al. 2010) . This low-density gas is in fluxfreezing conditions, this is, matter and magnetic field are tied. As expected in this regime, the large-scale gas compression that causes the column density to double also doubles the magnetic field strength: from 30 µG at the stem to 65 µG at the bowl (AFG08). This implies that the magnetic energy density is four times higher in the bowl than in the stem (E stem mag
3.6×10
−11 erg cm
and E bowl mag
1.7×10
−10 erg cm −3 ). Similarly, the larger line widths in the bowl than in the stem (0.6±0.3 and 0.48±0.19 km s −1 , respectively) give a turbulent kinetic energy density about 40% higher in the bowl (E bowl kin
2.3×10
−11 erg cm −3 ). This generates an increase of the surface pressure on dense cores, reported to be ∼60% higher in the bowl with respect to the stem ). The energy increase can be explained by the plausible shock scenario: assuming an average volume density of 3×10 3 cm −3 (AFG08) and that the shock velocity is the velocity difference between the two filaments, 2.5 km s −1 , then the shock energy density is E shock 3.7×10
−10 erg cm −3 , twice the energy increase from the stem to the bowl. Consequently, the kinetic energy of the collision could increase the measured turbulence levels, and then drag and compress the magnetic field, transferring and storing some of the kinetic energy into magnetic field energy.
The Alfvénic Mach number M A = v shock /v A of the plausible shock is ∼3.0. Simulations of low M A (highly magnetized) collisions predict the formation of shocks (Lesaffre et al. 2013) . Indeed, models with low Alfvénic Mach numbers (M A ∼4-5) drive more energy into compressing the magnetic field (Pon et al. 2012 ). In particular, for clouds of similar temperature and density to the Pipe nebula colliding at 2-3 km s −1 , the density and magnetic field strength increase by a factor similar to M A . Moreover, 20-50% of the shock energy is stored in the magnetic field. These predictions match our results at the Pipe nebula, also if taking the factor of 2 error in the measured quantities into account. This provides a plausible theoretical framework that reproduces our observations. The majority of the remaining energy is expected to be radiated away through mid-J CO lines that can be used to further test this scenario.
Conclusions
We combined visual extinction, optical polarimetry, and 13 CO data of the Pipe nebula. Here, we summarize the conclusions.
1. The velocity patterns of the gas suggest that the N-S and E-W filaments are colliding along the NW-SE direction at the bowl, where turbulence increases. 2. There is a good correlation between polarization properties and velocity of the gas, suggesting that magnetization increases at the interaction site. The column density and magnetic field strength double with respect to the non-shocked gas, pointing to a highly magnetized, continuous collision under flux-freezing. 3. Cores in the bowl tend to cluster in space and tend to follow the 13 CO velocity gradient. Dense cores tend to form in regions similar to the bowl where the cloud gas has large velocity dispersion, linewidths, column density, and 13 CO emission. It seems that in the slowed, shocked gas the higher density and sub-Alfvénic motions enhance the creation of cores.
